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INTRODUCTION

The U.S. Department of"Defenrse hasý developed ill
Ion sp erc T me De ayadvanced satel'itie nav igat ion Sy stemin called thieIon sph ric TiNAVSI'AR g-lobal positioning, system (611S. which \ill

Algorithm for Single- all ow users to mecasure rang Ic an .d rangec rate in f'ormat io
s1in u i tanleonsly lionl foumr satellites (c. ;'Ie rm linc tv et

Frequency ~ ~ ~ ~ ~ ~ ~ I -P s r oiinadvlct 1-51. T'he prihaary satellite systemi
opertin, teqLC11NI s 157iGli. Evenat this ic lativelk

hg ictiney , thle Earth' i,.s phr alrlr ai
waves I'rom their velocity inl lece spaee by tmore thanl

-- 300 ns -on -a-oste, -basis. coiresponding to rance ---

JOHIN A. KI.OBUICIIAI4, Senior NMember. WIT11 enlors of I o inl. Evenl mlonthly average dirtirlal lmainlinnil
Ali tiir,- (icopinsics Ltxirltsaorv ionosp~heric timle-delay values call be as high ais I io n".

or. 50 Il of' ranlge error, whenl at PS satellite is observe\ d
at low elevation angles.

The oalilldesgiing a ioosperi fiie-dlaycorecton in order to nearly el iminate the effects ol' the Farth's
Th~ oaIin ksiiiig a ioosperi tiw~ccla cnr~cionionosp)here onl users of' the GIPS. a secondary 1'requenc\ .

.mtgurfirith for tile sieigir-frequeriy globtal po~sitionling systeml Ii5e( 1.227 GIl~z, wa:is specifically incotrpotatedl into the system
"a%.s Ito jinclude the miain) featuires (if tile, Comple x bewtiao r oltile to alIlow useris to automatically correct 1for thle e l~eets of
ionoisphere, yet require at uinitnumm of coiftnuents and user both the range and ranige rate en-ors inllneedM bV thle
complt~utationl~~ time. white still yielding in rins correction of at least ionosphere. Some users of thle GPS, howvever. mlay not
51) percmit. 'The aigtirilmn dlesign~ed for this piurplose. aint have at requirement for1 neatly cot upielte, a i totnat ic
iminitieineted il lite GI'S satellites, requires onlmil eigtut mc~ficii5 correction I'r ionospheric ranege and ranc tate errors as
sent as p~art ofthe1 sittellite iuiessage. conitains inumeroius theC tWO freuecl1Cly GPS lJrOVideS. 1:or theCse users- anl

aproimtindesigntA t redue ue compuitationiat al gorithm wisdesigned. uisingeih ci e~ccls
reuiemnt, et ~ eqirdtransmnittedl as pan~ of' the satellite inlessace.topviet

(te as'~ti~s Nitlt ~ltt~iti~ ,lrecinus. correction Ibr approximately 50 percent rmls of' thle
.)llllJ til hSingionospheric rainge error. Correct ions (Or ionospheric iamig

rate etTOr'S [or) a s.iglelI IfrCtequecy Uiscr ate not pratct icalI 1w\
mlodeling'- teehm'iqutes. (flue to thle impossibi lity' of'
pied ict ing . except ill a statistical m1annler. thie smlall
Itnldu liltionis inl thie ionlosphere which produce rangec ratte
errors onl ltime scales o' at few seconds to mitnates. '[hi
goal of a 50 petecent rmls corn cciionl [or thle ionlosphecric
a Igori t Ii in%~as arri -cd at some ss hat arb it 'ranIh as a
compr'llomike between nuM~ber of coClhiCients- reqitirled Ito
be sent as part ol" the sate I Ite ii essage and the rea il at ionl
thlat eVenl a statle of thle art iono0speific mo0(del .r'(1,1 ii t n

mayCOC fic iCII \its %~oLul d proivide only at 70) tLt) SOpri~cen
rmlls cor irectlion to thle ionospheric (timle dcl av'. Inl Some
coill part Sonls of' the a Igo nitIi in aga nst actuLIal ioll'"pl icric
total clectroil content (TEV) data presented here. and
addit iotnal cotmparisons givetibn cs and tpes 11
it is sh~o\s it that thle goal of, a 5( percentI rms11 c( irrecti n

t,0r ionospheric t iine (Ic Ias by t ise of' thle a I on thilt
dese ii ed here has beeninc tle

CF-ARACrliRlIS" CS0:sO IONOSVI-1RIC I IMI 1IN I AY

[h11L inipoitailt paialtnleti respons~ible 1,r1 ionlo.pheicn%
timei dela\ is tile total numb11er of* elections" eiicolulteledk h\
the radio wkaVe OD its, pathl tr~otl each satellile to the (ilS
"ys(sCill miser. "Iblis ll& is a Ittticktionl of, laman aib

jLt5lolalol\ . IIjil~i.ill \11 Imi.s 1i C. Btk itll' . \I M",'! 3 ýIUOD !Ill\. nhIllc'ltic .ietisit\ . waCil~ l. timel ot kdas . user localtion

an114 \ ie%% inLg ditectioni. Ali esaiiple oll theieo~~j~i
1, S (aoNCruc'm11 Is.9 S tojpý1L'11d-h ;w pi k v i ' riatiolul 1)f n1llilth a' crile s ertiatl tlnik. dela\s at thec
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prlinlt -illUPSss cul-tel operalting, fi-equency !A is shown inl corielatioit distance 171 andl correlation time 181 ot' TFC~
1 lot1 2MX) UIT. At this lintte of dait hie m iaximum urndv iat ions 1mrm mont hly' average condlitions are sm all,

va iucs 01, ionosphernic littlc delay occurl in) thle Antienica n andI eachi UPS satellIite m essage is nor-mally uipdlatednoit
lonelude sector., As illustralted inl IFig. I . theill-~ de mlore often thian once each daiy. nlo aIttemlpt was nta~le to
avleragi-e Mita SimuiII vatlues ol, TI~ dC(o not occur, at thle m take coniect ions Im short term, of' thie ord(er of' a Ic m

andlmiu 11105'I ott e ithet' s ide of' the geomagntet ic equLator'. correlationl of, 'ITC (daily V'alues with] day- to-day sot at flux
Note that thle ltime dielay contour-s plottedl inl Fig. I at-e l'oi valuces is tow. no attemlpt was made to update thle
a satellIi te at til tte itoit . At thie min iniumu i es igit elevationl aklgorlb itll Onl a dalily basiS.
angle for thle UPIS system of' 5' thle ionospheriic tim dela y
-values wilt he-approxitnatelv three~ times higher than -- ORM or: iti ION(OSPI-WRIC TIM.-l)F-I-AY
those Shownt ill Fig. I . ALGORITHM

iMans' stud~ies have beenl ntade ot, thle behavior of,
lITC, and thle char-acter-istics of, this ionlospher-ic pillarantetr Ilhe algorithmn developed is it coniptomise ol' several
are- now lait rly wellt known. especially inl thle min idat it tide t'aeto~s. These inlc I te ) Li ser, Coll put at iloial Coitmpiexi t y
iccions of tite worldl, wherec most single-frequency GPS 2) present state of' knowledige of' tempor-al, diurnial, and
userýs at-e likely to be localted. The behavior 1 t'- inl thie geographtic variations of TIC.X 3) number- of coelficients
eqluatorial andI high latitudes is less well known, available ilt the satellite message lttr tlie ionospheric
BIaSiCAI V, tile TEV beltaViOr ill Imany parts of' the %voitd correction atgor-itltnt aitd 4) likely single-fr-equettey
hals a dint-nat max imunt near 14MK hrl local tinme, with thle sy'stem tusei- g.eognraphic operationlal areas.
st am udaI dev iat ion of, thle TEC about tli Ileltonthlly aver-age The algorithm, incorporated inl thle UPS system Imr
\alue ltOr anly given dlayt i te totir generally hetweenl 20) si ngle-frequeitcy users. consists of' a cositte r-etrcseittat ioit
atlid 25 pelrccttt ol' thle iticanl Value. The in' id lat1itud~e of thie din itail kI -cure allowed to vary iltaul ',l~ it tI(le and ill
ioitosphiete gClenera ly hals smloother- latitud~inal grad~ients period,. with uset- latitude. Fig. 2 shows how at simple,
than either thle low or hight latitutt~e regionts, thus, at positiv'e half cosine-shiaped cur-ve hals been miade to fit a
Niitgle-frequneicy UPS user. in thie midlatitudes. hals the typical monthly average TE'C (iurital variation fronm thle
addititional advantage of' both at smoothe'r and nmoe well Station "n Jantlaica.
Studied ionjisiph.-- Fig. 2 illustrates tile tour, poteittial parameter's to this

WutIh these -'ellntl tact s inl Ilittind, anl al goti t ltm wvas sit uple cosine Irtwin of* time-inc-dIay a Igorith It inlotie single-
desi!gned to Jive best fit ito tlte Ilarge daytimei values of, frequtency GPS uiser. They ate I ) thle nlight-timle Constaitt.
nllionltllk eag lIv X'k-1 F. and1L to aIccept anyl) difference front ot- d1c, feint. 2) the amtplitude ot' thle cosine term, 3) the
noiitoiht, ll ciage 'TEV bholavior as pi)l, ofithe r'esidulal phase of' thle cosine term, and 4) thie 1peri(xl ol' thle cosinte

error o a U'Ss~ "Nui singtle -trequettey user. since thle term. Note that thle per-iod of thie tins best fit is not 24 lir,

I.A .I E 0 5::7 -

200 J T ./o

1 oilil, l 11m lik j~ltl I il ,41- lk 111C w',llalo c m k a I
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30 (.OMETRIC APPROXlMArIONS-USEl) IN] 1,11:
JAMAICA. WEST INDIES IONOSPHERI(: IMUF-l*[AY ALCORITH M

SEPTEMBER 1970
2- -ACTUAL DATA I AMPLI TUDE TIhe acitual cosine leprecsentatiolt of ionospheric (litte
25 -- COSINE MODEL d (elay is much simipler tha Itahe ge0me I neal L'klc III ati0ll'

20 Irequired to fiod thec ap~proprilate geographic location, timle,

20-- ~and Zenith angle Ir tile required time-delay algorithml
calcuilationt. Since thle GPS satellites aire neaIrly always

I Viewed at1 oblique elevation angles. thie overhlead
~ Is / ionosp~here is not the appropriate one (or a single.

1Irequency observer to use. The 'l'Cimust be t'o'.'l at thle
--- -- -geogr.epire pioint- where -tile ray pvith 1rom e&.h atlli

0 10I iitersects ilie mean i('nO~pheric height. rather than at thle
WI

j7 user locatiou~. 'I his point is taken at a mean v'ertical

7f- higto' 5 i along (lhe pathl to each satellite. 'The
PHASE obliquity. or slant factor, also must be CalculatedI for thie

DC_____O/2J Inlcan ionospheric location, and thle Vertical T'l'C obtained
0t L.J Ltl. J.. - rom the agrtmat thie mean inshrclocation mu~st0 4 a 12 16 20 24aloihinopec

LOCAL TIME bic mutifplied by this slant faictor. Finally. since thie FITC
Fig. 2. F..\aipte of actual tmilaiihIN average tiedl\data. atlong is best o-rdered in geomagmnetic. ratheir thanl geodetic

with cUsiliI. motdeli-1 to~ dala coordinates, a conversion to geomnagnetic latitude also is
reqluired. If the exact form of the calculations for all the
necessary geometry \%ere to bie used. thie Conl)putationalI

but s watevr primlis equied o miinlze tle nis assets would he excessive. Il'herelore. inl thle derivation of,

cI ffeenc be~ven te atua mothl men durnl crve these geometrical ftinct ions. simplifyving assumptions were
adifteencoie het.een[hise ctuialemntdioly nisa geuneallyrv made in miany' eases to reLIUCe thle C l-culaktionl compleAxity.and ilecosie ft. his quialen peiodis gnerlly A discussion ot' each of' thie steps requiredl in thie
signihicant ly longer than 24 hr. geometrical Calculations, and thle simlplitf'NiII ng ssumllptions

A study ot' the behavior ort thle dc- and phase over a I Illd.Cllows.
wide range ot, latitudes showedl that both these termls
could be made constant with little overall algorithm rims
error increase. '[hus, the (Ic term wats made at constant Earth Anigle
5 ns and the phiase wats set at at constant 14(X) hrt local
linle. The 'l'EC is compulted ait thle point where thie ray 1 roni

TIhe reminailng two p~aramecters. thle amplitude of' thle thle satellite intersects thle ionosphere. rather than at the
cosine termn andl its period. are fanictions of' lat.:ttide. observ'er. For ain observer Wlocaed near the earth's sill laIce.
ordered by geomagnetic. ra.ther thanl geographic. latitude, looking, atl a saiiellite at 5' elevation, thle ionospheric
and are represented in the algorithmn by tliir(ý degree intersect ion location is alpi'ox imiatel\1 14' of' earth-eiitere I
p~olyno~miatls. The coefhicients of' these polynomials are angle from thle observer. Since thle gradient inll T' canl
transmiittedl as part of' thle satellite message. 'The algorithml be large over E~arth angles much less than 1-i we m1tist
coefficients were complutedl f1rom an empirical model of t'nId thle actual poinit where the satellite intersects thle
world-wide ionospheric behavior derived by' Bent I91, 1' or Ioniosphere'i. rather than simply using the observer' %
each 10 daiy pei'iod of' thle year and f'or Several values oi, location. 'The exact I.E"arth anlle repr~esentaltion. as weil Ias
average solar flux conditions. Coefficients transmnittedl by thle approximate 1h'orm1. are Shown inl Fig. 3. versuis
thle (IP'S satellites are updated once each tenl days. or satellite elevation angle. The approx imate horin is le%,,
SOInlet i mes mlore frequItendy', if' thie f'ive day' ruinning cllan bthan 0. 2 in error faOr all deIvationl angoles g i'eatem' t hanl It)

solar flux changes by a large amiount (luring that litriod adn~ is ol 011>.4' and 0.3' tront thle exact kbini atl 5" and

-- )I litim. 0'1, Jevat ionl, respectively No\% that we have aI useful
Simple culbic f'its to both thle amplitude and thle perimd 'OrIll of, thle Eai:.thl angle we Call Compute thle coordinates

terms are- not sufficietl to adequatliely represent thle actual of' thle ionospheric inlterIsect ion.
gradients inl thie equatorial anoi; i I> region. H owever. thle
variability1i' 'tic equatorial anonmaly' location and its C0or)Ifiplig ile tival loosheaii(at
niagnitude are large. not well represented in thle original .Ir(Lcto

!1o.. nodel t frmil wvlh -li e a;,ol iii iiiI coetli cicmiet s "crc '~I mc act ual lorni oh' thie equations to obi a in thle
derived . and. h"ew actuLal TI I ~C measuremi ent" \\were ionospheie c in tcrsect ion eti tlid nates . as %%ell a ithe1 f'lat -
available ill this Ilat itutde region. wh.enl th ei iimle Bet Ide I artil a ppix ilinationl uised . arc sholos ill F ig .1.
wats conis( t c led. 'lheref'ore . no atte inpits wee icmade to I orit nate I . at thle low and Ini id- l tit tids I n u v :11 Inrsi
use an a priori shape~ iii the alIgori th111Im thO ie I [C LIsing thle appe0x nite 1or to calculate t[lie Ionospheric
behavior inl thle low I at ittide ioiiosjlhere . intersecti on coordinatesi is smi all ITo kccp Pm a s 'roln thle

Kt.01)ItCH-AR. (IPS' iMl'l:tit.AY Al.(;tt iii~



- to iciia!l tIc at it tidtle awstiol I I) that Ilt-~ carili It
* * ~~~~~~iIwi lel~it fie lId call be ic piese ued by ani at I c I

dipole, is givelt b\

sillt (1) -sill 4) still (I' co" (1) co" it)y cosh hp)

14- lhe re

&p- 78. 3' N

Xp 291 .0' 1".

I '~ A 4-1!,-

() It) 4 11 W)b cos N - 291)

l~epieneIts t he e xact 161.111 to WVi thin I" I at all ~C~ ~eitI
latitudes ell at orIward of 4f0" and is withinl 111 upto("

'V "'~.,either side of' the igeomagnetic equator. Over tile entire
CONLJS region the error inl the approximate formn is less
than 1'.

''A' A5'".~"'. Al'iniditg Loald 'little

FigŽ. 3 Apposiwi tnll it, ctlllp1ulling kilt1 aidt~e.-
G3iven thle aliproxiinate unliversal , or Gireenwich. timte

large~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~~L Flo' bsapo nttin~ t iVil ttl t) and the approximate longitude o' thie ionospheric
ex tieiIIC l htight lat it ude's it' tlie ionlosp~heric lat iitude is pointt. the l ocal Int i le a thle ionlospeleici point is simply:I
calculated to ble greater than 750. thc latitude is defined ats ý IS/ 15~ + L. It' r comets out1 greater than 2.4 hrt. simply
7 ý`. This approyx imationlI Iis N~ reas ble liecauise little stibt tact 2.4 hir to keep thle resuiltant litilel. bet weenI 0 and
"SI llu Ic. -1 rei'ltmicily user activ'ity i,, e'~pected above 75ýý 2.1I hi'.
tathitde. and thle 'IIF( is ge nerativ low at those %-cry high
latiltitids The Ilew actuial 'T'B ilt.astiei'neilts. available In
tile polar cap reg it ln105 li\ high variiab itlity. wshich Ii iot 'I lit Obli q ui ty F~acto(r
weCll rereened1 k:eTCiently avilable;hI 00Ioitospheic
motdels. The vertical ti nie delay atl the stibionlospheric poinlt

mlust be multt ipl)ied by ain obliqity U or. shita . factor
defl ed ats thie secant o1' the ze tli th angle atl the mleanl

Conversion from G~eodetic to Geomagnetic ionoltspheric height. Ani average iolnosphleric height ofi
Latiltlde 33) kml is assumled. Fig. 5 showvs botth thle exact tlor it'i0

(lie sla ill t'actol. calIculIatio itl s wel Itas tile approx imiate
Ionolt sphleriic timle delay is best ordered by tonlil used ill thle algtliit hit i. IThis approx ili lats bitt. 1 is
i~eiueiet c rathe r lhan e.oir phic. t i tidte thuN, it I,, with inl 2 pecienL it ol' tilie e sact valuo for. all etlevat ioni

lileessarv ho pe'orni1.1 a rit slot mal gteodet1ic to anlgles greater' thanl 5'.

A,
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4 of ._ ,+ , ,,,¢ .... "': +4z<,,o •,., o , '. 7) 'l'hcn Con|put€ the ialto,,i)herb.' tiln,.' dehp,':
,. -- J : . • |I

'" , 'Ills..) = I'" ': I +, x 10 u • <x,, tl):i,

• •.\ ,4 .•j, It •)

h v" I .. . . i-

S;, ,'+ \.• \vhert"
"•-'- 2tt(t-- 5.0-I(K))

I +-);= - i + ! • ""--,+ ...... •I.- _.•
ll= I)

^f,•,ro•,•a•,un •o '•LV•t r,•c.',or. • NOLO; 'l'lono is rcfcm'd to tltc L I fl'•'qtlCllCy, If flit user
Fi•. •. Appmximaliun to •.nputmg |he nhln! lador. SF, i't•quires the ionOsl)hcric lime-dt'hly t-orr•.,t-liOll on the 1,2

freqtlent'y, the t'ort'ectit+i] teml ll'lllSt l)t2 multil+lied bx' the
colV';tant 1.65.

SUMMARY OF ALGORITHM EOLJA'IIONS
EXAMPLE CAI.C.UI.ATION

The l'oml tit !h¢ ionospheric titnc-dchly ¢orl'¢¢tiOII

algorithm as given in tile GI)S user "hlterfacc Control As an cxunlple, assume a station located at 40.()'•
Document" II01 is slmmmrized ill the following North, I(X).0° West, viewing a GI)S salellilc at 20°
equations, hi the acuud implcntentation of the ionospheric elevation and 210° azimuth. The ionospheric algorithm
correction algoritlm) the units used in anguhu' incasure are cocfticients transmitted ill this time I'ron the (;I)S
semicircles, and time is expressed in scctmds, satellites are ix,, = 3.82 ,x I() s, 1.49 × 10 s .. 1.79

x 10 r OandlB:, = 1.43 x 10s.O. -3.21,1 x I0'•,
Given. User apl+roxinlate geodetic latitude ti)., 1,13 x 10s. The tinlc is 2045 UT,

hmgitudc h,,, elevation angle E, at:d azimuth A, to tile
The results Ii)r this example are

parlictdar (;!)S Stllt'llih" I'nr which you \vish In calcul:ite
the ioutlsphcric lilnc delay. Al.-,o gi\'cn alc the I ) t], = IU)3%+0 semicirclt, s (7.2'•.)
c<•tTicients. (x,, and ['L which arc transmitled as pail of

2) (Ib = 0.215 semicircles (38.7<' N)
the satellite message.

Note. All angles arc m )lllils Of semi-circle; time i• 3) hI .... 0.6399 semicircles (12-1.795° \VI

in s¢COlltls. 4) ill,,, = O.25t19 s¢lniciicles 1-15,10" N)

I) (':llcuhite the I-ailh-centt'red angle' 5) ! = 50.7!10 s

tUI 137tl• = - .... ..... (1.022 (seinidrt'les). O) I" = 2 !70
!:" +. O. I I

7) Tit)n<) : 77,6 tls t23..II lilt.
2) (.'olnpult" the sul•iono.•l•llei'ic ialill.lde:

This exalllple \vii:,, t, llos¢il Io repl't'•t'lll fin at'tu:il
<il# = <1>, -t- Ill et)s k. t'tlt'ffit'ient set dtlring a spring etltlillo•;, high sohir IltlX

if (I)# > -t- (I.,1 Ill, thqn (lit = t- II.,l II), If (I)# < period.

- (I.416. Ihi;n <llt = - (i..i 16.
3) (Innir•l.itt" tile subit)noslllleric h'lllgitude: SUMMARY I,)1: AIiqORITI IM CHARACIERIS]I(:S

•ll sill A The ionospheric tilnc-dclay algorithnt ftlr thc single-
hI =:: h.-! ......cos % frequency (Ills user was designed to nlinilnize user

t'onillUlaiion;ll con)pit, lily, )'tl still roll)in the goal of a 5(I
4) Find the 12eOlilagllClit" hlliludc: I•l't't2111 rills i(mmpheric range t'rror correclion, A nlajor

(il,,, : (I)# -!- 0.064 t:o,•lhi - I.l'llTi parl of tile redlit'lioi• iii riser ¢llnipulalional ctlnlplcxii)
5) Find the local time: wan :lccomplished b)' llSillg apl'U'oxinlaliOllS to tilt'

gt;olilClrieal ealt'tlhilions illvoh'12d Io I'i2dut'e the IItlllibur of

t = 4.32 × IO'; ht -#- tiPS lilil• lsec). IrigOllolnelrit' tuili'uhilion•, \vhich )'tin hi" t-onlpul:ilhlnally

linIo conmniing. In fact, Ihe algorilllill itscll, lilt" si.nlqc
If t :" 86 41)11, uw ! -: / 80 -lilt). If I "-- (I. add

t'o•ine repr¢•t'nllliion of ii diurnal cur\'c. \van li'tmealcd h)
8(,, 40(), the first tl\tl h21nls ill' tilt" cosine cxp:lnsion ill ordcr to

(l) C(inlpull2 the slant fat'hll: nave coinllulalional liinc, and incidcntalh, sliThil)

[ .: 1.0 + Ill.O X IO.53 - /',)•. iinprme the alg(ll'iihm fit hi the ill'trill] dalil.

KIAIIII:IIIAR tIPS 'HMh-!)IiIAY ..\I.(IIIRI I'IIM 12w



INITIAL-'u~' oISIS O IONOSPHERIC ALGORI I HM

The. ionospheric timle-delay'lakorithiln wa-,s tested
a eai tis t actual IE fI~ romt I diflerl cct stat ions~ For a total T
of, NO station. ii tout hs of, dati aCoverii ng a represenitative i: ~ -

portion of' the g~lobe and for both solar miax it onin and ji I

-3 I

tiosts. Not ice that at significant port ion ot the dat a is 1rIn n ~ +TtI
reg~ions other than the niidlatittudes , and that mitx part" T___ L i

_____ of the world are rep~resente.d in the available data. Also.
mit1ch 0ifthe idlavikvis t'rotna perikid of lig~hb solar activity ' -4 '--,--- __

"when absolute values of I'l.C' nie ih - -

S4 -0 0 Jd 0 I

SOLAR ONUS

NAR5',,A?',bOLA

600ýi 9AV 4. 11Call.Obviously, anly n-ior " ill the algorithil are
AOI.HST WYT1, 'NALL% independent of thle day-to-day variability of the

EDMONTON, ALBRTifA___
itAMILION. MASS ionosphere, and thus these twvo errors ciln be added in

Et.Y, NEADA N . root of' the suni of' tile squa~re errors I-ashion. TFhe overall
algoritltm inprvett obaie in thIis manlner. front thle

STANFORD, AIS-3 1- $-.4
STA~rORO,~ '-~ '*'490 station mnotltis ol (ata, was app~roximiately 55

-IANYF 041, SYNCOM -____

AT14ENS --------- percent. Thus, these itiitial algorithml tests showed that
TOKYO

PfONG KONG our goal of'1 50~ percentt nitis ioniosphe'ric correction has
HAWAII,. AI$-I been4 Ile.

JAMAICA ý-4l40

AN(UCKANwlI. ALGORITHM LIMITATIONS

19C4 1967 197 19l'he algor-ithml describled here is a sev'etey utruncated
Fe6 1 )1 Mstbu [itnill 0t Itilis and ktwalon v111) ~het Illolnhtt>~lih m4laglkc version (if a niuch larger empirical mlodlel oflETFC

dala6 svicr m~alilibl tor algorithteming1511. (evelopeml bly Bent 141I. over 13 years ago. Whilec
signiificantlty inore actual ITLC data, along w\ith addit ionial
bottomlsitie and top~side ionospheric protil Il masilrementIls,

Summillary statistics A' ioniosphieric ltinie delay for each are available than ait tile timle tif thle developmenit of the.
station 1'0r all available hours and~ seasons" were cotii 1iltted Bent niodel , nio attempts have been made to imiprove tile
int units ot rins error int nanoseconds at 1 .0 Gill, Also, present state of world-wide empirical l'Ii( models. This
thle residual rmlls error for each Station was coiiiputied after is because thle use of' evenl a state of thie alt ionospheric
correct ion by\ use ol' the ltime del ay algorilt imi Thes Sc nodel I won i nlot g1t aluoti (idte approx im ate 20) to 25
summulary results% ate Shown ill Fig. 7. Withi thle dashled percent day-to-day variability of thle ioniospheric C
line indicat ting the uncorrected ionlosphieric ltitle delay. wh i ch tile sinlgle-frequenlcy user must live with.
atnd the sol id line indicating the residual timie delay at~er ITie high latitude regions% deserve sotne additional
correct ion. Two stationis are shown in more than one mlentlionl. Firstly, the aur-oral regionis ate eliaracteriized by
columnin Fig. 7 because thte actual ionospheric TlE.C data high variability. with littl e Chalice for adequately
available fromi those Stations Cattle frtom n tore: than onle mu oddli ug depart ue IIe 5 n 'C fromt mlont hi>' average
satellite. and Fromi different ltime pieriods. behavior, except in a statistical sense. Secondly, most

The Coml pariSont ol' the algor-ithml against actual active auroral enetrgy inputs cu diignihtm
monthly mean TE C data, for the entire 44)1 stationi periods when the baickgroundl~ abIsoluite F jilt'lue, 11-C
mlouthsN of" datai, gave anI overall runs residual error of' .18 conisiderably lower thami during the daytirtie p)eriods. whlen
percemnt. InI order ito finid the rills error ot' the tnodel TE.C is higher. Auroral disturbances wive bween seenl
against actual inid iv~idual dalta. rathert thati against I oil IN %\. whicI haepouc IICvlswticiiva.an

aw rage I('data. the .18 percent a i ~orithImi error iI s It it il e%.e Veli exceed Illidl at it ude in i ddav val ues. but
iepresetitiitg thie nionthily meanl FE.C. \\as combined inl a these atre likely intrequtetit inI occurrence. only predictable
root of, the slum of' the square error (iss) senlse v\ ith thle 2.5 ill at statistical semise, miad Cannot be used to improve
pet-ccitt tinls deviation of, inid ividua I data troum (the mnlontll)s Nug CIc- rqtucuIcý Li ser, i01oi spleiec lange eCr.1ors.
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CON CLU SION S lt S~r'A.J ~
t I W 'S Ilii llr a 111110 l .II' e l ike~

diffteren 1,1,1 lo1n lotise N0itIilte (ii S satt Ilits. Ie )oail (it I Mlit ken. R .1 andi lA ' cr I. I ;~ 10S
itIs nlipt C nIlelt at if lit si I Si ill, 0- freilcic wUCII w*US~t 'tare~trrr ph ' ipico opwitinrii it NA\N I AR.\rr m id ri

descl Ibod il detail il thle N A V SI, CPP I S \ ilt tlc I, q. I, Ii jolt al .11 till Il it fll,. -1\I Ia Ic. If 1: 1:i
Control LDuckilneltt 1 I0(). It is relativelý' Cils) t0 0bi'ainl it SiNiiii P;
50 pxreme mii tInoi nosphetic error r eduction \\.iltth iis I (A C 'cr S.k. anid I \\v. 5\v A 'I 'iso)
alizoriI im. Ilie trick is inl tlw ilt Nins -ttequettev 111er, heinr nlbl!ii~iii ii1SsrnkIiilcrsi~riii~~ii
able lo wilthstand those In Irequeiten litiie,, w hen a largve Iir nkIi oiinte I/:(.rti PONA irfih1 i!,!
deviatio (Ott ot aveag ionospheric behav t~4t ior \%illt-~ bei Xmi cdionr S *1oii (Nil 19M

eii~rtItt' .ita siog~le - I-CjtettenY le-ci tierC nnt tolet-ale 171 .K nobin-1.1 i.1 j\ S~n. ;Ill oimmii .1 \1n ( 97
tIIIosh .airel ht( teal ,t ii ieswhen ttlei onospilieie .1 ie t-Coyil ilhii miii di'lallce %Ii mniallda. 1irrrmcki elni co lric-ill
substanti ial anulintits from its avi.ra ee hehlavio Ow thn titit Tedituva~l tRepolrr A tGL-IR 77-i)I 55 Aug, 11977, AL)
1.15Cr must seriously consider opting for- a dual- Iieqelc At~~II I. rdel I-I 17 rd krh I

G PS rece ivet- whIiich has ken detmonstrt-edt to remoetS 1,1111c MI tlls atiaiik pid~i i ck ikltliinii ill ltutu dcl liii sImiictil
ioniosphertic eliots to a level Comptjarable w\ith other Radio~ Sr curn . 10. 2 it9 1).
'Source's of 6PS system err~ols fi IIllt I Ick\el\ t, In. .K ,.nid Biell!. R It 11973 1

I )ickinleiiiat a anid descript ioni ot* the ticrit ~iiin ..tttin'r i

RtII IKIINCI S irarnh't
lc'Viliwic I Rtcnioi At( RI 'I It- 00 ii,~ .till.\ 10" \D

111 Siitiehl. M R I ti9ni 77, 733.
111c Ltiltilho tS)ýititlri iig \yslem) 11011 RokdW ei c 11teti anrit)Iin l 0'r),rvp ai loll it98-11

Mi i, c Journaijil. 7) (Apr 148)Xr I r1ici Iace c'0iitiil dtnciiiiin'ii-t( 'I)D- ( PS. ?0
121 t'am kiiisiiri, It \V iiand ( 1Kuit. S W. i t9831 R~nki celi iiiemt~iiiiiniii I. .npoiiaii. i. I I11 I .ike\\nnnd Iit1 k

NA \SIAR H 1dmral poritionink!e'~ t' -10 \eiCam .11 i t )n" r (ail ý)l2 4.1 Ivi etxisd Sepi 2(I 10I
ho,4.* criiiip q~ the~ 11 IE 7. lii 0c 11981 1111i ~l Khmhludial, J A . Soidict-. t1 , aiitl I'nIsirn, J A it IiNiil

INAS FtAR thre till -~limpows Naid tie. vtiiiIccuinutiill tilie N.-\STAK H - lŽ I pomt ahioiniig \> ',c i

Johni A. IIoIbtcha~r KS57 MI 00 -SNI 'SOt r~eteived thle B.S. and NM.S. dce!RIee Ill
C lecdrica I C gi iiee t-in 0 Ioinl thle I.Ini SC t-s itS of itt tOO I . Vii awla. Ill 19; 8 antd 19i6 0,
rese~lcCt ively.

* ~~~~~IIe is wVith tilte I otiosphie ic Divsio f -~ ) ~ it' tleh Ai htI:rt~. eox ~
I ahorators . wite te lie is ,, rC I k\h Ic t'ui t atili~ii oll pet-ic propagation IICtec tilln
kcottinlktnicatiimns . raldar, and tia\1nti' \Sstetns. Illis research itItIsck\ts Itlidctil
woikI widec ionosphn eric Sari abir i itl de ito natoia I and at-tiIi cia! Ireul-a it tt'atll"s, tIli klilCli
of' bibs phrie tlintte delay an d ionosphecric and in ag nettosphet-ic Of ted upi 'n adta nced
SatellitIe t-o ItII IItt InI t Ill,,i I )d( I iat I IIIi! " 5'stt.11,III

Nit . Klintnltitl Is aiteIncitret o, thle I,' S. Stiuds Group kin thle li'iinrplieie iii ( '('I.
US C'ommission 6 (A ol RSI. thle :\icieicair (seoph\ steal Unionrb thle .-\niicttic
A ssocitat ion Itat thie 01 - e ictto Sc 117 rCýie.and Si eu ia Xi.
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